DCC Plays a Role in Navigation of Forebrain Axons across the Ventral Midbrain Commissure in Embryonic Xenopus  by Anderson, R.B et al.
Developmental Biology 217, 244–253 (2000)
doi:10.1006/dbio.1999.9549, available online at http://www.idealibrary.com onDCC Plays a Role in Navigation of Forebrain Axons
across the Ventral Midbrain Commissure
in Embryonic Xenopus
R. B. Anderson,* H. M. Cooper,† S. C. Jackson,*
C. Seaman,† and B. Key‡,1
*Department of Anatomy & Cell Biology, University of Melbourne, Parkville 3052, Australia;
†Ludwig Institute for Cancer Research, Royal Melbourne Hospital, Victoria 3050, Australia;
and ‡Department of Anatomical Sciences, University of Queensland, Brisbane 4072, Australia
In the developing vertebrate brain, growing axons establish a scaffold of axon tracts connected across the midline via
commissures. We have previously identified a population of telencephalic neurons that express NOC-2, a novel glycoform
of the neural cell adhesion molecule N-CAM that is involved in axon guidance in the forebrain. These axons arise from the
presumptive telencephalic nucleus, course caudally along the principal longitudinal tract of the forebrain, cross the ventral
midline in the midbrain, and then project to the contralateral side of the brain. In the present study we have investigated
mechanisms controlling the growth of these axons across the ventral midline of the midbrain. The axon guidance receptor
DCC is expressed by the NOC-2 population of axons both within the longitudinal tract and within the ventral midbrain
commissure. Disruption of DCC-dependent interactions, both in vitro and in vivo, inhibited the NOC-2 axons from crossing
the ventral midbrain. Instead, these axons grew along aberrant trajectories away from the midline, suggesting that
DCC-dependent interactions are important for overcoming inhibitory mechanisms within the midbrain of the embryonic
vertebrate brain. Thus, coordinated responsiveness of forebrain axons to both chemostimulatory and chemorepulsive cues
appears to determine whether they cross the ventral midline in the midbrain. © 2000 Academic Press
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During early vertebrate forebrain development growing
axons establish a bilaterally symmetrical scaffold of tracts
consisting of one principal longitudinally oriented tract, the
tract of the postoptic commissure (TPOC), which is con-
nected across the midline by several commissures (Ander-
son and Key, 1999). We have identified subpopulations of
axons in this scaffold that express novel glycoforms of the
neural cell adhesion molecule N-CAM, referred to as
NOC-1 (Anderson and Key, 1996) and NOC-2 (Anderson
and Key, 1999). These axons arise from the presumptive
telencephalic nucleus in the dorsal prosencephalon and
enter the TPOC via both the postoptic commissure and the
supraoptic tract (SOT). NOC-expressing axons in the SOT
grow ventrally, turn at the SOT–TPOC junction, and then
1 To whom correspondence should be addressed. Fax: 1 61-7-
3365-1299. E-mail: brian.key@mailbox.uq.edu.au.
244row caudally before they either cross the midline within
he ventral commissure of the midbrain or continue to grow
ithin the ventral longitudinal tract of the midbrain. We
ave shown that the NOC-2 carbohydrate is involved in the
urning of NOC-2 positive (NOC-21) axons at the SOT–
TPOC junction and that chondroitin sulfates modulate the
turning of these same axons into the ventral commissure
(Anderson et al., 1998; Anderson and Key, 1999). We are
interested in characterizing the guidance cues responsible
for directing the growth of these axons throughout their
trajectory. To date, no axon pathway in the vertebrate
nervous system has had its full complement of in situ
guidance cues elucidated, yet describing the interplay of
these cues is essential for understanding axon navigation.
Although chondroitin sulfates are involved in the turning
of NOC-21 axons into the ventral midbrain commissure,
we are as yet unclear about the mechanisms driving the
growth of these axons across the midline. Recent studies
have demonstrated that the Robo protein in Drosophila is
0012-1606/00 $35.00
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245Axon Guidance in the Embryonic Braininvolved in midline crossing of axons (Kidd et al., 1998a,b).
It appears that axons expressing high levels of Robo are
repelled from midline glia that express the Slit protein, a
Robo ligand (Kidd et al., 1999). Thus, only axons expressing
low levels of Robo are capable of crossing the midline. In
rat, Robo is expressed by commissural neurons in the spinal
cord but as yet its function in higher vertebrates remains
untested (Kidd et al., 1998a). Commissural axons are be-
ieved to be attracted toward the ventral midline by
etrin-1, a diffusible chemotropic molecule secreted by
oor-plate cells (Kennedy et al., 1994; Serafini et al., 1994,
1996; Shirasaki et al., 1996). The netrin receptor DCC
(deleted in colon cancer) is expressed by commissural axons
in the developing vertebrate spinal cord (Keino-Masu et al.,
1996). Mice lacking functional DCC exhibit severe pertur-
bations in the migration of commissural axons toward the
floor plate in the spinal cord (Fazeli et al., 1997). In addition,
hese mice lack several major commissures in the brain,
ncluding the corpus callosum and the hippocampal com-
issure. Interestingly, the habenular and posterior com-
issures were unaffected by the absence of DCC, indicat-
ng that DCC-dependent axon guidance is restricted to
pecific subpopulations of axons. The role of DCC in
ediating growth across the midline in other brain com-
issures, particularly those that develop during the early
tages of pathfinding in the ventral brain, such as the
entral midbrain commissure, is unknown.
In the present study, we examined the role of DCC in the
uidance of the NOC-21 subpopulation of forebrain axons
across the ventral midline in the embryonic Xenopus mid-
brain. We demonstrated that disruption of DCC-dependent
interactions resulted in the failure of commissural axons to
cross the ventral midline. In addition, we have shown that
in the absence of DCC, commissural axons turned away
from the ventral midline, indicating the presence of che-
morepulsive molecules underlying the pathway. These re-
sults suggest that DCC-dependent interactions are an es-
sential molecular guidance mechanism specifying select
pathway choices among the complex network of axon
projections found within the embryonic vertebrate brain.
MATERIAL AND METHODS
Animals
Embryonic Xenopus laevis borealis were obtained from induced
atings of adult frogs by the injection of human chorionic gonad-
tropin hormone (Sigma Chemical Co., St Louis, MO). The em-
ryos were reared in 10% Holtfreter’s solution (Holtfreter, 1943) at
0°C and staged according to Nieuwkoop and Faber (1956). Em-
ryos were fixed in 4% paraformaldehyde in 0.1 M Tris-buffered
aline (TBS; 0.9% NaCl in 0.1 M Tris, pH 7.4) for 12 h and then
ashed and stored in TBS and 0.1% sodium azide at 4°C prior tommunohistochemical staining.
Copyright © 2000 by Academic Press. All rightProduction of the Truncated DCC Proteins
A truncated, non-membrane-bound form of the mouse DCC
protein (mDCCFn-2) was created using site-directed mutagenesis
(Kunkel, 1985). The protein product of this construct comprises the
four immunoglobulin (Ig) domains and the first two fibronectin (Fn)
type III domains of mouse DCC linked to the FLAG peptide tag
(International Biotechnologies, CT) at the C-terminus. This recom-
binant protein does not include the putative heparin binding site
present in the fifth fibronectin type III domain (Bennett, 1997).
Since the overall similarity in amino acid sequence between
mDCC and Xenopus DCC (xDCC) is greater than 80% in each of
he individual immunoglobulin domains and the first two Fn III
omains (Fig. 2A) it was predicted that this region of mDCC would
e functionally equivalent to that of xDCC.
Briefly, a BglII site was introduced at nucleotide 2005 of the
ouse DCC cDNA (Cooper et al., 1995). A 39-mer oligonucleotide,
ncoding the FLAG peptide sequence and the in-frame STOP
odon, was then inserted into the unique BglII site introduced by
utagenesis. For large-scale protein production the FLAG-tagged
runcated DCC cDNA was subcloned into pEE6 mammalian
xpression vector (Bebbington et al., 1987; Cockett et al., 1990) and
ransfected into CHO-K1 cells. The expressed truncated soluble
orm of DCC protein was purified from the culture supernatant by
ffinity chromatography on M2-affinity beads (International Bio-
echnologies) followed by a further purification on a Mono S HR5/5
ation exchange column (Pharmacia, Sweden). The purity of the
DCCFn-2 protein was demonstrated by PAGE followed by silver
taining. The identity of the purified mDCCFn-2 protein was
onfirmed by Western blotting using a polyclonal antipeptide
ntiserum (R4) raised to the first 20 amino acids of the mature
DCC protein. A truncated, non-membrane-bound form of the
ascular endothelial growth factor receptor-2 (VEGFR-2) compris-
ng all seven Ig domains of VEGFR-2 linked to the FLAG peptide
VEGFR2-EX) was a kind gift from Dr. Stacker (Stacker et al., 1999).
he purity of this protein was previously described (Stacker et al.,
999).
Production of the DCC-FTm2 Construct
The dominant negative DCC cDNA (DCC-FTm2) encodes the
complete extracellular domain, the transmembrane domain, and
the first 62 amino acids of mouse DCC (nucleotides 1–3727;
Kunkel, 1985). An in-frame stop codon was introduced 21 nucleo-
tides (encoding 7 irrelevant amino acids) downstream of the DCC
nucleotide 3727. The DCC-FTm2 cDNA was subcloned into the
HpaI site of the pSP64TK vector as described for mDCCFn-2.
Xenopus Exposed Brain Cultures
Stage 26 Xenopus embryos were anesthetized with tricaine
methanesulfate (0.4 mg/ml) in a modified Barth’s solution (MBS;
100 mM NaCl, 2 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM
epes, and 50 mg/ml gentamicin) containing 0.1% dimethyl sul-
oxide. The ectoderm overlaying the left side of the Xenopus brain
as removed using glass micropipettes as previously described
Anderson et al., 1998; Anderson and Key, 1999). After the brain
as exposed, embryos were cultured in the presence of 5–40 mg/ml
of either recombinant soluble DCC receptor DCCFn-2 or control
receptor protein. Exposed brains were also cultured in the presence
of 10–25 mg/ml of either the DCC blocking monoclonal antibody
(Oncogene Sciences, Inc., NY) or control mouse IgG (Sigma Chemi-
cal Co.). Similar phenotypes were observed at all concentrations.
s of reproduction in any form reserved.
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246 Anderson et al.Embryos were maintained at 27°C for up to 16 h, before they were
immersion fixed in 4% paraformaldehyde.
Injection of cRNA into Xenopus Blastomeres
cRNAs encoding the dominant negative DCC or green fluores-
cent protein (GFP; Clontech, CA) were synthesized using the
Ambion mMessage mMachine capped RNA transcription kit (Am-
bion, Inc., TX) according to the manufacturer’s instructions. Fer-
tilized eggs were collected and dejellied in 2% cysteine (pH 7.8),
washed extensively in embryo rinse solution (10% glycerol, 5 mM
MgCl2, 20 mM Tris–Cl), and then transferred to 0.1% MBS con-
aining 5% Ficoll. Individual blastomeres of two- to four-cell
enopus embryos were microinjected with 5–10 nl of GFP cRNA
860 mg/ml) alone or a 50:50 mixture of DCC cRNA together with
FP cRNA (780 mg/ml). After injection, embryos were incubated in
.1% MBS and 5% Ficoll for several hours to prevent cytoplasmic
eakage from the injected embryos. Embryos were then transferred
o 0.1% MBS for a further 12 h, before being diluted 50% with aged
ap water.
Antibodies
The M2 anti-FLAG monoclonal antibody was obtained from
International Biotechnologies. The polyclonal anti-mDCC anti-
serum (R4) was raised against the first 20 amino acids of mDCC
(Cooper et al., 1995). The DCC monoclonal antibody (AF5) was
btained from Oncogene Sciences, Inc. (NY). The mouse IgG
nti-acetylated a-tubulin monoclonal antibody was obtained com-
mercially from ICN Biochemicals, Inc. (Costa Mesa, CA) and was
used to label all axons within the Xenopus brain. The mouse IgM
monoclonal antibody which recognizes the NOC-2 glycoform of
N-CAM was purchased from Commonwealth Serum Laboratories
(Melbourne, Australia).
Whole-Mount Immunohistochemistry
Stage 32 Xenopus brains were dissected and immunostained as
previously described (Anderson and Key, 1996, 1999). Briefly,
brains were dehydrated in a graded ethanol series (70 to 100%),
washed in ethanol:propylene oxide (1:1), followed by two consecu-
tive washes in 100% propylene oxide, and rehydrated through a
graded ethanol series (100 to 70%) to TBS. Brains were then
incubated for 1 h in 2% (w/v) bovine serum albumin and 0.3% (v/v)
riton X-100 (Sigma Chemical Co.) to block nonspecific protein
inding sites and reacted with either the acetylated a-tubulin, DCC
or NOC-2 antibodies. Embryos were then reacted with either
biotinylated goat anti-mouse IgM (m-chain specific) or biotinylated
goat anti-mouse IgG (g-chain specific) secondary antibodies (Sigma
Chemical Co.) and visualized using either Extravidin-FITC or
-TRITC (60 mg/ml; Sigma Chemical Co.).
For double-label analysis, embryos were first incubated with
either acetylated a-tubulin or DCC and processed as described
bove, using Extravidin-FITC (60 mg/ml; Sigma Chemical Co).
mbryos were then incubated with NOC-2 antibody, followed by a
RITC-conjugated secondary antibody (Jackson Immunoresearch
aboratories, West Grove, PA). Control embryos that were reacted
ith either one of the primary antibodies and with both secondary
ntibodies revealed no nonspecific cross-reactivity of reagents.
ome fixed Xenopus brains were snap frozen and 20-mm-thick
sections cut using a cryostat. These sections were immunostained
as described above.
Copyright © 2000 by Academic Press. All rightWhole mounts of Xenopus brains were viewed using a MRC-
1024 Bio-Rad laser-scanning confocal microscope coupled to a
Zeiss Axioplan microscope. Images were color-balanced using
PhotoShop 4.0 (Adobe Systems, Inc., CA) and assembled with
CorelDraw 7.0 (Corel Corp. Ltd., Dublin, Ireland).
RESULTS
The Trajectory of Axon Tracts in the Xenopus
Brain
The embryonic Xenopus brain consists of a simple scaf-
fold of axon tracts as revealed by immunostaining of whole
mounts with antibodies against acetylated a-tubulin (green
axons, Fig. 1A). Figure 1B is a schematic representation of
the trajectory of these axons. There is one principal longi-
tudinal tract (TPOC) that courses along the ventrolateral
surface of the rostral brain. In the midbrain tegmentum the
TPOC merges with the ventral longitudinal tract. Three
vertically oriented tracts have axons that merge with the
TPOC: the SOT, which arises from the presumptive telen-
cephalic nucleus; the dorsoventral diencephalic tract,
which arises from the epiphysis; and the tract of the
posterior commissure (TPC), which arises from a dorsal
nucleus. There are four principal commissures: the anterior
and postoptic commissures, which cross the midline to join
the contralateral nucleus and the TPOC, respectively; the
ventral commissure, which contains a subpopulation of
axons from the TPOC; and the posterior commissure,
which contains axons from the nucleus of the TPC. A
subpopulation of axons within the early scaffold of axon
tracts has been shown to express NOC-2, a novel glycoform
of the neural cell adhesion molecule N-CAM (Anderson and
Key, 1999). In brains double labeled for acetylated a-tubulin
(FITC stained) and NOC-2 (TRITC stained), overlap appears
yellow (Fig. 1A).
In order to localize the expression of DCC within the
embryonic Xenopus brain we immunostained coronal sec-
tions with a monoclonal antibody directed against DCC
(Oncogene Sciences, Inc.). Weak immunoreactivity for
DCC was present throughout the mantle layer of the
forebrain, while strong staining was observed within the
marginal layer in the region of the TPOC and ventral
commissure (Fig. 1C). In order to determine whether DCC
was expressed on NOC-21 axons we double labeled sections
ith monoclonal antibodies against DCC and NOC-2. This
nalysis revealed that DCC was present on NOC-21 axons
within the TPOC (unfilled arrows, Fig. 1D) and the ventral
commissure (arrowhead, Fig. 1D). Previous studies have
shown that the DCC ligand netrin-1 is expressed by neuro-
epithelial cells underlying the pathway of the ventral com-
missural axons in Xenopus (de la Torre et al., 1997). Thus,
he expression patterns of netrin-1 underlying the pathway
nd its receptor DCC by NOC-21 commissural axons
suggested that DCC may be mediating both the turning of
these axons from the longitudinal tract and their subse-
quent growth toward the ventral midline.
s of reproduction in any form reserved.
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Guidance across the Midline
In order to test the role of DCC in directing NOC-21
axons toward the ventral midline in whole-mount cultures
of Xenopus brain, we blocked endogenous ligands in the
ventral commissural pathway using a recombinant soluble
form of the DCC receptor (mDCCFn-2; Fig. 2A). The purity
and identity of mDCCFn-2 were confirmed by PAGE anal-
ysis followed by silver staining (Fig. 2B) and by immuno-
blotting (Fig. 2C). Exposed Xenopus brains were prepared as
FIG. 1. Immunostaining of stage 32 embryonic Xenopus brain.
a-tubulin (green fluorescence) and NOC-2 (red fluorescence). Doubl
of the tract of the postoptic commissure (TPOC). Many NOC-21
ontinue growing caudally in the ventral longitudinal tract. Rostr
ommissure. (B) Schematic representation of the trajectory of axon
he rostral Xenopus brain at the level of the ventral commissure la
ell as in axons exiting this pathway and crossing the ventral
uorescence). NOC-21 axons that also express DCC appear yel
commissure (arrowhead) are yellow and hence coexpress DCC. A
nucleus of the presumptive telencephalon; PC, posterior commissu
posterior commissure; TPOC, tract of the postoptic commissure;
tract. Scale bar, 100 mm in A; 50 mm in C and D.previously described (Anderson et al., 1998; Anderson and
Copyright © 2000 by Academic Press. All rightey, 1999) and cultured in the presence of mDCCFn-2 (n 5
0) or the control VEGFR2-EX protein (n 5 15). At the end
f the culture period, brains were fixed in paraformalde-
yde, double labeled with antibodies against NOC-2 and
cetylated a-tubulin, and then imaged by confocal micros-
copy. At low magnification the overall morphology of the
cultured brains and the trajectories of axon tracts stained
for acetylated a-tubulin appeared normal in the presence of
either VEGFR2-EX or mDCCFn-2 (Figs. 3A–3C). At higher
magnification, double labeling clearly revealed that
A lateral view of a Xenopus brain double labeled for acetylated
ined axons appear yellow. These axons course in the ventral region
s cross the midline in the ventral commissure (VC) while some
to the left. The ventral surface of the brain contains the ventral
he principal axon tracts in the Xenopus brain. (C) Cross section of
d for DCC. Strong staining was observed in the TPOC (arrows) as
ine. (D) The same section as in C labeled also for NOC-2 (red
All NOC-21 axons in the TPOC (unfilled arrows) and ventral
terior commissure; DVDT, dorsoventral diencephalic tract; nPT,
C, postoptic commissure; SOT, supraoptic tract; TPC, tract of the
ventral commissure of the tegmentum; VLT, ventral longitudinal(A)
e-sta
axon
al is
s in t
bele
midl
low.
C, an
re; PO
VC,NOC-21 axons exited the longitudinal tract and crossed the
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248 Anderson et al.ventral commissure as in vivo (arrows, Figs. 3D–3F). In
ontrast, the trajectory of NOC-21 axons appeared disorga-
nized in the ventral commissural pathway in brains ex-
posed to the mDCCFn-2 (Figs. 3G–3I). NOC-21 axons
learly exhibited aberrant growth patterns after they exited
he TPOC and entered the ventral commissural pathway. In
0% of these exposed brains, NOC-21 axons either entered
he VC and then subsequently turned about and grew
orsally (arrowheads, Figs. 3H, 3I, and 3L) or turned and
ppeared to stall (unfilled arrows, Figs. 3J and 3K). In 70% of
rains exposed to mDCCFn-2, some NOC-21 axons made
inappropriate and unsuccessful attempts at crossing the
midline (solid arrows, Figs. 3K and 3L). No axons were ever
observed to cross the ventral commissure in any of the
brains cultured in the presence of mDCCFn-2. These navi-
gational errors by NOC-21 axons were never observed in
FIG. 2. (A) Schematic diagram of the soluble subdomain of mouse
DCC (mDCCFn-2). Comparison of the amino acid sequences of
mouse and Xenopus DCC reveals that these orthologues are highly
conserved as indicated. (B) The purity of the mDCCFn-2 protein
preparation was demonstrated by PAGE analysis followed by silver
staining. (C) The identity of the purified mDCCFn-2 protein was
confirmed by Western blot analysis using a polyclonal antipeptide
antiserum raised against the first 20 amino acids of the mature
mouse DCC protein. This antiserum does not cross-react with the
unrelated FLAG-tagged protein, VEGFR2-EX.any of the brains cultured in the presence of VEGFR2-EX.
Copyright © 2000 by Academic Press. All rightSince the soluble form of recombinant DCC used in the
bove experiments may have perturbed netrin-mediated
ctions which were independent of the DCC receptor we
ext directly inhibited DCC using a blocking antibody.
xposed brains were cultured in the presence of either a
onoclonal antibody previously shown to block Xenopus
CC (de la Torre et al., 1997) or a control mouse IgG. In the
resence of the DCC antibody (25 mg/ml; n 5 12), NOC-21
axons turned appropriately from the TPOC into the ventral
commissure pathway in 92% of brains (Figs. 4A and 4B).
These results confirmed our previous results that DCC was
not mediating the turning of NOC-21 axons from the TPOC
nto the ventral commissural pathway. However, in 77% of
rains, NOC-21 axons failed to cross the midline because
they either stalled and whorled after exiting the TPOC
(arrowheads; Figs. 4A and 4B) or turned about and grew back
dorsally after having entered into the ventral commissural
pathway (unfilled arrow; Fig. 4A). These phenotypes were
never observed in control brains (n 5 12). The turning about
or stalling of axons was consistent with the phenotype we
observed in the presence of the soluble DCC receptor. Thus,
DCC appears to be directly involved in mediating the
growth of NOC-21 axons across the ventral midline in the
midbrain. These results indicated first, that turning into the
ventral commissural pathway was independent of DCC–
ligand interactions and second, that the ventral commis-
sural pathway may contain an underlying chemorepulsive
activity that either directed axons away from the midline or
prevented them from entering the pathway when the func-
tion of DCC was inhibited.
An alternative interpretation of the aberrant phenotypes
was that soluble recombinant DCC protein or DCC anti-
body was interfering with DCC–ligand guidance signals
mediated by other associated or secondary receptors. There-
fore, in order to further confirm the role of DCC we next
injected Xenopus blastomeres with RNA transcripts gener-
ated from a truncated DCC cDNA construct (DCC-FTm2)
that encoded a dominant negative form of the protein. This
dominant negative DCC contained the transmembrane
domain but lacked most of the cytoplasmic domain. Indi-
vidual blastomeres of two- to four-cell-stage Xenopus em-
bryos were co-injected with DCC-FTm2 cRNA and tran-
scripts of GFP in order to trace the lineage of injected cells
(Fig. 5A; n 5 25). Thus, when brains were immunostained
or NOC-2 (red) and then analyzed by confocal microscopy,
ouble-labeled axons were stained yellow. When control
nimals (n 5 12) were injected with GFP alone, NOC-21
axons correctly exited the TPOC, coursed along the ventral
commissural pathway and crossed the midline (Fig. 5B).
NOC-21 axons that expressed dominant negative DCC
turned normally from the longitudinal tract and entered
into the ventral commissural pathway in 94% of embryos.
However, in all of these embryos NOC-21 axons expressing
the dominant negative form of DCC either subsequently
failed to cross the midline or turned about within the
ventral commissural pathway (arrowheads, Fig. 5C). These
results confirmed that DCC was not mediating turning of
s of reproduction in any form reserved.
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249Axon Guidance in the Embryonic Brainaxons out of the TPOC. Moreover, they showed that DCC,
and not associated receptors, was directly transducing sig-
nals guiding axons toward the midline since NOC-21 axons
failed to cross the commissure when the cytoplasmic do-
main of DCC was removed.
DISCUSSION
DCC and its cognate ligands have emerged as an impor-
tant navigational system for axon pathfinding. To gain
further insights into this guidance mechanism we studied
the role of DCC in the growth and guidance of commissural
axons within the embryonic vertebrate brain. We have
shown that DCC and NOC-2, a novel glycoform of N-CAM,
are both expressed by a subpopulation of forebrain axons
that cross the ventral commissure in the midbrain. These
axons course within the longitudinal tract of the forebrain,
turn at its junction with the ventral commissural pathway,
cross the ventral midline, and project to the contralateral
side of the brain. The growth of NOC-21 axons across the
ventral commissure was severely perturbed when DCC–
ligand interactions were inhibited with soluble recombi-
nant DCC receptors, with DCC blocking antibodies, or
with dominant negative recombinant DCC. NOC-21 axons
ntering the ventral commissure failed to reach the midline
nd consequently did not cross to the contralateral side.
nstead, these axons either stalled soon after entering the
ommissure or reversed direction and moved away from the
idline. Thus, the disruption of DCC-dependent interac-
ions resulted in the loss of guidance information required
or the ventral migration of growing axons toward the
idline within the ventral commissure of the midbrain.
These findings are consistent with an axon guidance role
or DCC–netrin interactions, as previously suggested from
nalysis of mice lacking either functional DCC (Fazeli et
l., 1997) or functional netrin-1 (Serafini et al., 1996). In
oth lines of mutant mice, commissural axons in the spinal
ord became lost en route to the floor plate and failed to
ross the ventral midline. Although the corpus callosum
nd the hippocampal commissures also failed to form in the
rains of these mice, it was unclear whether these were
FIG. 3. Effects of culturing exposed Xenopus brain preparations w
mounts of embryonic Xenopus brains cultured in either unsupplem
mDCCFn-2 (C) developed normally when immunostained for acety
or acetylated a-tubulin (green fluorescence) (D) and NOC-2 (red fl
composite of double-labeled images in E and F. NOC-21 axons (arro
rain exposed to the recombinant soluble DCC receptor (mDCCFn
nd NOC-2 (red fluorescence) (H). G and H are scans for a single fl
xons at the junction of the TPOC and the VC appear disorgani
unction of these two tracts. (J–L) Examples of NOC-21 axons at t
exposed to the recombinant soluble DCC. Many axons stalled in th
(J and K). Some axons extended ventrally into the VC but then turne
to exit the TPOC inappropriately (filled arrows) (K and L). Scale bar, 15
Copyright © 2000 by Academic Press. All rightirect or indirect effects on axon growth and guidance. We
ave shown here that the formation of the midbrain ventral
ommissure is also aberrant when the function of DCC is
isrupted. By limiting our perturbations to a defined win-
ow in development when axons are actively navigating the
athway we have demonstrated that DCC is directly medi-
ting growth of axons rather than affecting earlier or later
vents. Our results indicate that even when DCC-
ependent guidance is blocked, NOC-21 axons in the TPOC
are still able to recognize the appropriate cues to turn into
the ventral commissural pathway. Therefore, other cues,
independent of DCC ligands, are most likely responsible for
the turning behavior of NOC-21 axons at this choice point.
his notion is supported by observations that the floor plate
rom netrin-12/2 mice is capable of causing wild-type spinal
ommissural axons to turn toward it in coexplant cultures
n vitro, indicating that other chemoattractive cues, dis-
inct from netrin-1, must be present in the ventral spinal
ord (Serafini et al., 1996).
The disruption of DCC-dependent interactions not only
esulted in the loss of guidance information required for the
entral migration of growing axons but also suggested the
resence of an underlying chemorepulsive activity that
auses axons to turn about in the ventral commissural
athway and migrate away from the midline. Inhibitory
ctivity for commissural axons was previously observed in
he floor plate when the function of axonin-1 or Nr-CAM
as blocked (Stoeckli et al., 1997). Interestingly, commis-
ural axons continued to be attracted to the floor plate
hen Nr-CAM and axonin-1 interactions were perturbed. It
as only when axons contacted the floor plate that they
ere repelled or inhibited. In contrast, we have shown in
he present study that some form of chemorepulsive activ-
ty exists within the pathway followed by NOC-21 com-
missural axons as they project toward the ventral midline
within the midbrain.
Since netrin-1 has been implicated in the UNC-5-
mediated chemorepulsive response of axons (Leonardo et
al., 1997) it is possible that this molecule may simulta-
neously be responsible for both chemoattraction and che-
morepulsion of commissural axons in the present study.
However, because our experiments with soluble DCC re-
ither recombinant soluble DCC or control proteins. (A–C) Whole
ed medium (A) or medium supplemented with VEGFR2-EX (B) or
a-tubulin. (D–F) Brain exposed to VEGFR2-EX and double labeled
scence) (E). D and E are scans for a single fluorophore while F is a
it the TPOC and enter the VC where they cross the midline. (G–I)
nd double labeled for acetylated a-tubulin (green fluorescence) (G)
phore while I is a composite of double-labeled images in H and I.
asterisk). NOC-21 axons (arrowheads) clearly form whorls at the
nction of the TPOC and VC in three different brain preparations
tral commissural pathway after exiting the TPOC (unfilled arrows)
ut and coursed dorsally (arrowheads) (L). Axons were also observedith e
ent
lated
uore
w) ex
-2) a
uoro
zed (
he ju
e ven
d abo0 mm in A–C; 50 mm in D–L.
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251Axon Guidance in the Embryonic BrainFIG. 4. Xenopus brain preparations exposed to a DCC-blocking monoclonal antibody (x-DCC). Many NOC-21 axons extended ventrally
nto the VC but then either stalled or turned about (arrowheads) (A and B). Some axons clearly exited the VC and grew back toward the
POC (unfilled arrow) (A). Scale bar, 50 mm in A and B
IG. 5. Phenotypic effects of expression of dominant negative DCC (A–C) in Xenopus embryos. (A) In vitro-transcribed dominant negative
dom2ve) DCC and GFP-capped cRNAs were co-injected into single blastomeres at the two- to four-cell stage. The dom2ve DCC lacked the
cytoplasmic tail present in wild-type DCC. Animals were allowed to survive until stage 32 and whole mounts of brains were then
immunostained for NOC-2 (red fluorescence). NOC-21 axons expressing dom2ve DCC were labeled yellow, as they coexpressed GFP. (B)
Control animal injected with GFP alone demonstrated that yellow axons entered the ventral commissure normally. (C) NOC-21 axons
expressing dom2ve DCC (yellow axons) exited the TPOC but failed to cross the midline. Instead these axons turned about and grew back
orsally (arrowheads). Scale bar, 50 mm in B and C.
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252 Anderson et al.ceptor elicited chemorepulsive behavior it seems unlikely
that netrin-1 was involved in this response. Moreover,
commissural axons expressing dominant negative DCC
lacking an intracellular domain continued to be repelled
from the midline despite the fact that UNC-5 signaling
appears to rely on the intracellular domain of DCC. DCC–
netrin interactions have been shown to mediate chemore-
pulsion when intracellular cAMP signaling is inhibited
(Ming et al., 1997). This chemorepulsive effect was abol-
ished by the DCC blocking antibody. However, in the
present study the DCC blocking antibody elicited rather
than abolished chemorepulsion by commissural axons.
Taken together, these data suggest that neither DCC nor
netrin-1 is mediating the chemorepulsive response in the
present study. What is the nature of this chemorepulsive
activity? One possibility could be that semaphorins are
expressed in the ventral midline. Interestingly,
neuropilin-1, a semaphorin receptor, is expressed on
NOC-21 commissural axons (Anderson and Key, unpub-
ished observations). Alternatively, the chemorepulsive re-
eptor Robo and its slit ligand could be involved in growth
cross the midline (Brose et al., 1999). Whatever the nature
f the chemorepulsive activity it must have a strong effect
n commissural axons to cause them to migrate dorsally
way from the midline. What is the function of this
hemoinhibitory activity? One possibility is that this activ-
ty drives the migration of growth cones into the contralat-
ral side of the brain after they have crossed the commis-
ure. Commissural axons have previously been shown to
ecome unresponsive to netrin after they have crossed the
idline (Shirasaki et al., 1996). Presumably the axons then
espond to the chemorepulsive activity in the pathway and
re actively repelled away from the midline into the con-
ralateral brain. Thus, the balance between chemoattractive
nd chemorepulsive cues in the pathway provides a simple
eans for directing axons to first grow toward and then
ubsequently away from the midline.
Our results strongly suggest that DCC plays an important
ole in the growth and guidance of the NOC-21 commis-
ural axons across the ventral midline. It is interesting that
xon guidance through the ventral commissure appears to
e responsive to both chemoattractive cues transduced by
CC and on, as yet, unidentified chemorepulsive cues in
he ventral midbrain. These observations support the no-
ion that the signal transduction pathways underlying axon
uidance are sensitive to a hierarchy of guidance cues
ithin a complex extracellular environment. Thus, the
nal trajectory of axons is governed by the interplay of both
nhibitory and stimulatory signals within pathways and not
nly at specific choice points.
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